This study was conducted to evaluate the effects of supplementing methionine (Met) in a low-protein (Low-CP) diet during d 11 to 24 and subsequently feeding with a lowmetabolizable energy diet (Low-ME; -75 kcal/kg) or a normal ME diet during d 25 to 42 on the productive performance, blood chemical profile, and lipid metabolism-related gene expression of broiler chickens. The 1,600 broiler chicks were divided into 5 groups as follows: 1) Normal CP, then Normal ME; 2) Low-CP, then Normal ME; 3) Low-CP, then Low-ME; 4) Low-CP+Met, then Normal ME; and 5) Low-CP+Met, then Low-ME. During d 11 to 24, the growth performance of the control group was better than those of the other groups (P < 0.01). In Low-CP diets, the addition of Met resulted in an improvement in the growth performance, breast meat yield, protein conversion ratio, plasma total protein, and albumin (P < 0.01). Moreover, the supplementation significantly increased the plasma triglyceride content (P < 0.01). Feeding Low-CP or Low-CP+Met diets increased the abdominal fat content compared to the control group (P < 0.01). Feeding the Low-CP+Met, then Normal ME (d 25 to 42) resulted in compensation in the feed conversion ratio (FCR), protein conversion ratio, and energy conversion ratio equal to or better than the control group (P < 0.01). The body weights of birds fed Low-CP diets were still inferior to the control group (P < 0.01), except in the Low-CP+Met group followed by the normal ME diet. Feeding with the Low-ME diet tended to decrease the expression of the carnitine palmitoyl transferase I gene in the liver (P = 0.08).
INTRODUCTION
Dietary energy and protein clearly affect the growth performance, production cost, and chemical body composition of broiler chickens (Collin et al., 2003; Kamran et al., 2004; Nawaz et al., 2006) . Generally, feeding a low-crude protein (Low-CP) diet increases the fat content, while reducing the energy density decreases the fat content and increases protein deposition in the carcass (Lee and Leeson, 2001; Zhan et al., 2007) . On the other hand, lowering the dietary protein concentration in a broiler diet commonly reduces the feed cost (Cauwenbreghe and Burnham, 2001; Kamran et al., 2008) and increases protein utilization (Yang et al., 2009) .
Adding synthetic amino acids prevents some negative effects of feeding Low-CP diets (Ospina-Rojas et al., 2014; Nukreaw and Bunchasak, 2015; Jariyahatthakij C et al., 2016) . However, a reduction of CP greater than 3% (meeting all essential amino acids requirement) still results in poor productive performance and carcass quality (Jiang et al., 2005; Dean et al., 2006; Namroud et al., 2008; Nukreaw et al., 2011) and high fat deposition (Yamazaki et al., 2006; Namroud et al., 2008; Abdel-Maksoud et al., 2010; Nukreaw et al., 2011) of broiler chickens.
Chickens receiving a Low-CP diet require higher lysine and methionine (Met) compared to conventional diets (Labadan et al., 2001) . Nukreaw et al. (2011) and more recently, Jariyahatthakij et al. (2016) suggested that reducing the dietary CP level by 3% with amino acids supplementation during the grower period, followed by a control or low-energy diet, could improve overall protein utilization and reduce fat accumulation via increasing lipolysis and/or disruption of triglyceride transportation in broiler chickens. Understanding the mechanism and factors involved in this improvement requires focusing on gene expression related to lipids and 2021 energy metabolism. It is generally known that acetyl CoA carboxylase (ACC), carnitine palmitoyl transferase (CPT-I), and avian adenine nucleotide translocator (avANT) are involved in the hepatic response to nutritional intervention (Hillgartner et al., 1996; Daval et al., 2000; Abe et al., 2006) . The ACC gene could be a candidate gene or linked with a major gene that affects abdominal fat content (Richards et al., 2003; Tian et al., 2010) , while fasting increases liver CPT-I gene expression in the chicken (Skiba-Cassy et al., 2007) . Fasting also increases avANT gene expression due to the increase of ATP/ADP exchange via mitochondrial ATP export and ADP import (Toyomizu et al., 2002 . Therefore, this study was conducted to determine the effect of supplemental Met in a Low-CP diet during the grower period (age 11 to 24 d) followed by a lower energy density diet during the finisher period (25 to 42 d) on the productive performance and gene expression in relation to the lipid and energy metabolism of broiler chickens.
MATERIALS AND METHODS

Animals And Management
The experimental animals were kept, maintained, and treated in adherence with accepted standards for the humane treatment of animals according to the ethical committee of Kasetsart University. In total, 1,600 commercial male broiler chicks (Ross 308) were used from 11 to 42 d using a randomized complete block design (RCBD; 8 replicates and 8 blocks). At 10 d of age, the broiler chickens were randomized and divided into 5 experimental groups with 8 blocks per treatment (40 birds/pen). The chicks were kept in an evaporative cooling house system with a floor pen (0.12 m 2 /bird), and rice husks were used as bedding. Drinking water and feed were provided using a nipple drinker line (9 nipples per pen) and a tube feeder (70 birds/tube feeder), respectively. The broiler chickens were allowed access to water and feed ad libitum throughout the experimental period.
Experimental diets were provided in pellet form (sieved crumbs for 0 to 10 d and 3.5 mm diameter pellets for 11 to 42 d). The temperature was around 32
• C at hatching and then was decreased by 1
• C every 3 d until a final temperature of 25
• C was reached. The lighting regime consisted of 23 h of light and 1 h of darkness. Chicks were vaccinated at the hatchery for Newcastle disease and infectious bronchitis.
Experimental Diets
The chicks were divided into 5 groups according to the experimental diets, with each group consisting of 8 blocks with 40 chicks per block. The chicks were fed diets as follows: 1) Normal CP, then Normal ME (Trt A); (21% CP and 3,175 ME kcal/kg for age 11 to 24 d, and 19% CP and 3,225 ME kcal/kg for age 25 to 42 d); all nutrient requirements were formulated according to the recommendations for the strain. 2) Low-CP, then Normal ME (Trt B); the chicks were fed a Low-CP diet (18% CP and 3,175 ME kcal/kg) deficient in Met for age 11 to 24 d, followed by a normal ME (3,225 ME kcal/kg) diet for 25 to 42 d of age. 3) Low-CP, then Low-ME (Trt C); the chicks were fed a Low-CP diet (18% CP and 3,175 ME kcal/kg) deficient in Met for age 11 to 24 d, then re-fed with a low energy (Low-ME; -75 ME kcal/kg) diet for 25 to 42 d of age. 4) Low-CP+Met, then Normal ME (Trt D); the chicks were fed a Low-CP diet (18% CP and 3,175 ME kcal/kg) with sufficient in Met for age 11 to 24 d, then re-fed with a normal ME (3,225 ME kcal/kg) diet for 25 to 42 d of age. 5) Low-CP+Met, then Low-ME (Trt E); the chicks were fed a Low-CP diet (18% CP and 3,175 ME kcal/kg) with sufficient in Met for age 11 to 24 d, then re-fed with a Low-ME (-75 ME kcal/kg) diet for 25 to 42 d of age.
The feed and nutrient compositions of each experimental diet are shown in Table 1 . All diets were analyzed for protein by Kjeldahl proceduce (N × 6.25) as described in AOAC official method 981.10 (Association of Official Analytical Chemists, 2016). The amino acid composition of the basal diet in both the grower and finisher periods was analyzed by ion-exchange chromatography using the Amino Acids Analyzer (AminoTac JEOL model JLC-500/v JEOL Ltd, Tokyo, Japan) with ninhydrin derivatization according to the instructions of the manufacturer (JEOL (Europe) Croissy sur Seine, France).
For the Low-CP and Low-CP+Met diets, synthetic L-Lysine-HCl and L-Threonine were supplemented to meet the requirements of the strain recommendations (Aviagen, 2007) . In order to induce an amino acid imbalance [decreased ratio of total sulfur amino acid (TSAA)/lysine], Met and TSAA deficiencies were formulated in the Low-CP diet (Supplemental Table) .
Growth Performance And Carcass Quality
The feed intake, feed conversion ratio (FCR), average daily gain (ADG), protein, and energy intake during each period (11 to 24 and 25 to 42 d of age) and for the overall period (age 11 to 42 d) were determined. The body weight, feed intake, protein intake, and energy intake were determined at the end of each period and used to calculate the FCR, protein conversion ratio, energy conversion ratio, and feed cost per body weight gain (FCG). Mortality was checked twice daily, all chickens that died were weighed, and the weight was used to adjust feed conversion [FCR: g of feed consumed/(weight of live birds + weight of dead birds)]. The protein conversion ratio was calculated from the amount of protein consumed divided by the weight gain (protein intake/weight gain), and the energy conversion ratio was calculated using the amount of energy consumed divided by the weight gain (energy intake/weight gain). FCG was calculated as feed consumption per feeding period per chicken (g), divided by body weight gain (g), multiplied by feed cost (Thai baht). At 24 and 42 d of age, before the sampling processes, the experimental diets were removed for 12 hours. Four chickens from each replication (32 chickens/group) that had a body weight close to the group mean were chosen and killed using CO 2 asphyxiation in an atmosphere of less than 2% oxygen (air displaced by CO 2 ) for 1.5 to 2.0 minutes. The carcass yield was obtained by weighing the birds after they had been fasted for 12 h, bled, scalded, plucked, and manually eviscerated. The eviscerated carcass, breast meat yields (pectoralis major and minor muscles), drumsticks, thighs, and abdominal fat, including fat surrounding the gizzard, were determined from the live weights of the broilers selected for processing (Cabel et al., 1987) .
Blood Chemical Profile
At 24 and 42 d of age, 16 chickens per group (2 chickens/replicate) were weighed and punctured at the wing vein to obtain a blood sample for chemical analysis. After collection, an aliquot of the blood sample was transferred into plastic vials containing EDTA as an anticoagulant, and the plasma was separated from the blood by centrifugation at 3,000 × g for 10 min at room temperature. The samples were stored at -20
• C until further analysis.
Frozen plasma samples of all chickens were thawed at room temperature (25
• C) for determination of levels of total cholesterol (TC), total protein, triglyceride (TG), uric acid, albumin and non-esterified fatty 
Gene Expression
At 42 d of age, 4 chickens per treatment that had a body weight close to the group mean were chosen and put down using CO 2 asphyxiation in an atmosphere of less than 2% oxygen (air displaced by CO 2 ) for 1.5 to 2.0 min. Subsequently, the liver of each chicken was rapidly dissected and immediately placed in an appropriate volume of RNAlater stabilization reagent (Qiagen, Clifton Hill, Victoria, Australia) and stored at -80
• C until RNA isolation.
Quantitative Rt-Pcr
Gene expression of CPT-I, ACC, and avANT was assessed using 2-step quantitative real-time reverse transcription-PCR (RT-PCR). The total RNA was extracted from the liver using TRIzol reagent (Qiagen, Hilden, Germany) following the manufacturer's instructions. Two micrograms of total RNA was reversetranscribed to cDNA using an Omniscript Reverse Transcription Kit (Qiagen, Germany) following the manufacturer's instructions. All the RT-PCR reactions were carried out in 48-well plates at a final volume of 20 μL of SYBR green real-time PCR Master Mix Plus (Solis BioDyne, Tartu, Estonia) using a RT-PCR detection system (Eco system, PCRmax, Staffordshire, United Kingdom). The oligonucleotide sequences of sense and antisense primers are shown in Table 2 . All measurements were carried out in triplicate, and average values were obtained. Temperature cycles are as follows: denaturation at 95
• C for 15 min, 40 cycles of amplification at 95
• C for 15 s, 68
• C for 20 s, 72
• C for 15 s, and melting curve analysis at 95
• C for 1 second. A standard curve was quantified from the standard calibration curves run simultaneously with the samples. All quantifications used β-actin mRNA as the internal control, and a negative control (no sample) also was used for each primer set. The values were normalized with mRNA expression of β-actin and expressed as the ratio of β-actin mRNA values in arbitrary units.
Statistical Analysis
All data were statistically analyzed using analysis of variance (ANOVA) in SAS version 9. Significant differences among the treatment group means were evaluated using Duncan's multiple range test (Duncan, 1955) . Only differences with P-values ≤ 0.05 were considered significant. To determine the effect of CP, ME, and Met during the grower and finisher periods, appropriated treatment means were grouped and compared using orthogonal contrast analysis.
RESULTS AND DISCUSSION
Growth Performance
The effects of adding Met in a Low-CP diet during the grower period (11 to 24 d of age) on the productive performance of broiler chickens are presented in Table 3 . Among the experimental groups, the Trt A showed the best productive performance (P < 0.01). The body weight, ADG, FCR, energy conversion ratio, and FCG of chickens fed the Trt B and C were the poorest (P < 0.01), whereas Trt D and E improved the growth rate and FCR. Feeding the Trt D and E diet has better protein conversion ratio than the Trt A and the Trt B and C groups (P < 0.01). There was no significant effect of experimental diet on the feed and energy intake, but lowering the CP level in the diet decreased the protein intake of the birds (P < 0.01). Considering the economics, the FCG values of birds fed the Trt B and C were more costly than those of the Trt A and the Trt D and E groups (P < 0.01).
Normally, a low TSAA intake depresses the feed intake and productive performance of broiler chickens (Khajali et al., 2002; Bunchasak, 2009) , while the feed intake in the present study was not significantly affected by the Met deficiency. This indicated that a Met deficiency also can retard production performance without any effect on the feed intake. Adding Met to the Low-CP diets improved the body weight gain, protein efficiency ratio, and FCR of broiler chickens. Moreover, feeding a Low-CP+Met diet clearly promoted better protein efficiency ratio than the positive control diet, although the growth rate and FCR were still poorer. Accordingly, poor weight gain and FCR in broilers subjected to Low-CP diets or a Low-CP+Met diet have been reported (Nukreaw et al., 2011; Rakangtong and Bunchasak, 2011; Nukreaw and Bunchasak, 2015) . Dean et al. (2006) , Yamazaki et al. (2006) , Kamran et al. (2008) , and Namroud et al. (2008) also demonstrated that the addition of crystalline amino acids (lysine, methionine, threonine, or tryptophan) allows dietary levels to be reduced by 3%, whereas a greater decrease might have negative effects on growth performance because supplemental amino acids in a Low-CP diet might cause a sudden influx of amino acids that increase the catabolism of amino acids from muscles or those absorbed from diet to maintain homeostasis of plasma amino acids profile (Aftab et al., 2006; AbdelMaksoud et al., 2010) . Therefore, it can be said that reducing CP by less than 3% and supplementing with synthetic amino acids to meet the amino acids requirement significantly improved growth performance, but is still inferior to the conventional diet. The 25 to 42 d growth performance results are presented in Table 4 . There was no significant difference in the ADG among the experimental groups during the finisher period (25 to 42 d of age). However, poor final body weight was observed in the Trt B, C, and E groups (P < 0.01), except for feeding with Trt D group, where the final body weight was equal to the Trt A. After the finisher phase, Trt D and E increased the body weight more than that of the Trt B and C (P < 0.05). The Trt A showed higher feed and nutrient (protein, Met, and energy) intakes than those of the other groups (P < 0.01). However, during this period, Trt C produced better energy conversion ratio, protein conversion ratio, FCR, and FCG values than those of the Trt A (P < 0.01). In particular, feeding with Trt D produced a better FCR than those of the Trt B (P < 0.01). Feeding with the Trt C and E diet resulted in a poorer FCR, while the energy intake, feed cost, and FCG were lower compared to the Trt B and D (P < 0.05).
After feed restriction, animals usually increase their feed intake to catch up on their growth (Bikker et al., 1996; Zubair and Leeson, 1996; Nukreaw and Bunchasak, 2015) . In addition, reducing the energy content of the diet also results in an increase in the feed intake Cheng et al., 1997) . However, in the current study, chickens fed with a Low-ME or normal ME diet after receiving a Low-CP or LowCP+Met diet did not increase their feed intake and could not regain the lost body weight compared to the control diet, except with the Low-CP+Met diet (followed by normal ME diet). Nonetheless, feeding normal ME or Low-ME diet during the finisher period clearly improved nutrient utilization (indicated by the FCR, protein conversion ratio, and energy conversion ratio) of chickens after being fed with the Low-CP+Met diet, although the exact mechanism is unclear. Similarly, Nukreaw and Bunchasak (2015) stated that the phenomenon of chickens fed low protein diets failing to regain body weight was caused by their inability to increase feed intake, and the mechanisms of compensatory response for the growth rate and the efficiency of nutrient utilization (FCR, protein conversion ratio, and energy conversion ratio) may be different. During the finisher period, it was assumed that chickens fed with the Low-CP+Met diet may have better quantitative (growth rate) and qualitative (feed or nutrient utilization) improvement, if their feed intake could be increased. The production performance for the overall period (age 11 to 42 d of age) is presented in Table 5 . The growth rates of chickens fed Trt B, C, and E were less than that of the Trt A (P < 0.01), except for the Trt D. During the finisher period, Trt D and E significantly improved the productive performance and production cost (ADG, FCR, protein conversion ratio, energy conversion ratio, and FCG) (P < 0.01) compared to feeding with the Trt B and C, and protein conversion ratio, energy conversion ratio, and FCR better than those of the Trt A (P < 0.05). Reducing dietary energy (−75 ME Kcal/kg) caused poorer FCR and protein conversion ratio values with the Trt C (P < 0.05). The feed intakes in the Trt B and E were significantly lower than that of the Trt A (P < 0.05), while the feed cost of the Trt A was the most expensive (P < 0.01).
For the overall feeding period (11 to 42 d of age), the growth rate of chickens fed the Trt D was not significantly different from the Trt A, and clearly improved the FCR, protein conversion ratio, and energy conversion ratio. These results were in accordance with the results of Nukreaw et al. (2011) . Feed intake is greatest during the finisher period, therefore proving Low-ME or normal ME after feeding Low-CP+Met improved the overall energy conversion ratio (0.76 to 0.33%) and protein conversion ratio (4.57 to 4.90%), reduced total feed cost (3.54 to 5.84%), reduced feed cost per gain (2.02 to 3.35%), and increased the profit (1.79 to 2.98%) compared to the conventional method. However, these phenomena would depend on some conditions: 1) the degree of amino acids or protein restriction, 2) the duration of protein restriction, and 3) the feed consumption response during the finisher period (as a reflection of metabolism) (Nukreaw and Bunchasak, 2015) .
Carcass Quality And Abdominal Fat
The results for the 5 experimental groups with respect to carcass yields and the abdominal fat content at age 24 d are shown in Table 6 . At 24 d of age, the carcass and edible meat (breast and leg) yields of the chickens fed the Trt B and C were significantly smaller than those of the other groups (P < 0.01). Feeding Trt D and E promoted carcass and breast meat yields not significantly different from those of the Trt A. The dietary treatments did not significantly affect the wing weight. The abdominal fat contents of the Trt B, C, D, Table 5 . Growth performance of broiler chickens fed a low-protein diet with or without sufficient Met and subsequent feeding with a normal or low-energy diet during 11 to 42 d of age (overall period). and E were significantly heavier than that of the Trt A (P < 0.01). The liver weights of the chickens fed the Trt B and C were significantly less than that of the Trt A (P < 0.05). It is known that inadequate CP and amino acids in the diet negatively influence the carcass composition of broilers (Si et al., 2001; Furlan et al., 2004) , and that the growth of breast meat is more sensitive to limiting the amino acid concentration in the diet than that of other edible components (Rakangtong and Bunchasak, 2011) . Feeding Low-CP diets deficient in Met significantly decreased the carcass yield and breast meat yield, while adding Met prevented these negative effects. This finding was in accordance with the general acceptance that Table 7 . Carcass quality and abdominal fat of broiler chickens fed a low-protein diet with or without sufficient Met from 11 to 24 d of age and subsequent feeding with a normal or low energy diet from 25 to 42 d of age. supplementation with Met in Low-CP diets promotes meat production (Moran, 1994; Schutte and Pack, 1995; Saki et al., 2007; Nukreaw et al., 2011) due to the improvement in the amino acid balance and protein synthesis (Boomgaardt and Baker, 1973; Bunchasak and Keawarun, 2006) . It is well documented that diets with a high ME content or a high energy-to-protein ratio promote energy retention as fat (Aletor et al., 2000; Faria Filho et al., 2003; Swennen et al., 2004; Yang et al., 2009; Nukreaw and Bunchasak, 2015) . In the present study, abdominal fat pads (% live body weight) of the chickens fed a Low-CP diet (with or without Met) were higher than those of the control group. Nukreaw et al. (2011) also reported that decreasing the dietary protein intake with or without Met supplementation increased abdominal fat pads compared to a control diet. In poultry, lipogenesis mainly occurs in the liver (Nukreaw et al., 2011) and is transported by the blood system and then taken up into adipose cells by lipoprotein lipase (Bunchasak et al., 1997) . The results demonstrated that a Low-CP diet deficient in Met significantly increased the liver weight and abdominal fat accumulation. Because of enhanced de novo lipogenesis in the liver of chickens fed the Low-CP diet (Rosebrough and Steele, 1985; Aletor et al., 2000; Swennen et al., 2006) , chickens are expected to have increased liver weights and deposit more abdominal fat. Moreover, an amino acid imbalance stimulates protein metabolism in the liver or an increased rate of amino acid synthesis to provide sufficient amino acids (Hiramoto et al., 1990) , which is also a factor affecting liver enlargement. Therefore, adding Met to Low-CP diets reduces the liver weight and may cause an improvement in the amino acids balance. This indicated that the maximum breast meat yield can be achieved in a Low-CP diet with Met supplementation, while fat accumulation can still be high.
The 42-day carcass yields and the abdominal fat content results are shown in Table 7 . At 42 d of age, the dietary treatments did not significantly affect the carcass yield, pectoralis minor muscles, leg, wing, abdominal fat content, or liver, while the pectoralis major muscles of chickens fed the Trt B and C groups were smaller than the Trt A (P < 0.01). The addition of Met in the Low-CP diets during the grower period significantly enhanced the pectoralis major muscles at 42 d of age so that they were not significantly different from that of the Trt A, although feeding with the Low-ME diet reduced the breast meat yield (P < 0.05) compared to the normal ME diets.
Similar to Nukreaw et al. (2011) , at 42 d of age, the pectoralis major muscles of chickens fed with the Low-CP group was poor, while the breast meat yield was comparable to the control group when Met was added to the Low-CP diet because maximal breast meat production may already have been achieved with the Low-CP diet with amino acid balance provided, so compensation of protein synthesis (meat production) did not occur after feeding with the normal ME diet. Nevertheless, a decrease in the energy density in feed during the finisher period resulted in a reduction in the breast meat yield due to the inability to enhance feed intake. This indicated that the mechanism controlling voluntary feed intake is complicated, and chickens do not always increase their feed intake when they are fed on a low-energy diet.
Energy deposition resulting in energy intake is controlled by multiple regulatory mechanisms (Swennen et al., 2004) . Apart from genetic factors, exogenous factors such as environmental conditions and nutritional factors (e.g., diet and composition) interact strongly in Table 8 . Chemical blood profiles of broiler chickens fed a low-CP diet with or without sufficient Met from 11 to 24 d of age. the control and regulation of the energy flow (Swennen et al., 2004) . At 42 d of age, the abdominal fat pads of chickens fed on Low-CP diets did not differ from the control group. It can be concluded that high fat accumulation caused by a restriction in the protein intake can be reduced after the finisher period. Nukreaw et al. (2011) and more recently Jariyahatthakij et al. (2016) reported that adding Met in a Low-CP diet during the grower period and subsequently feeding with a control diet reduced fat accumulation compared to the control group. Perhaps down expression of lipogenesis and/or an increase in lipolysis or β-oxidation may be stimulated during this period.
Chemical Blood Test
The effects of experimental diets on the TG, total protein, albumin, and uric acid in the blood at 24 d of age are shown in Table 8 . The TG, total protein, and albumin in the plasma of chickens fed Trt B and C groups were significantly lower than those of Trt D and E groups (P < 0.05). These blood parameters in the Trt A did not significantly differ from those in other groups. Moreover, the dietary treatment did not significantly affect the uric acid level in plasma.
In poultry, TG are synthesized in the liver and transported by the blood system and then taken up into adipose cells by lipoprotein lipase (LPL) (Bunchasak et al., 1997) . Adding Met in the Low-CP diet increased the plasma TG level compared to that of chickens fed a low-CP diet. Nukreaw et al. (2011) and Nukreaw and Bunchasak (2015) also demonstrated that adding Met to a Low-CP diet linearly increased the plasma TG concentration. It seems that a high TG level caused by Met supplementation stimulates triglyceriderich lipoprotein secretion from the liver (Ho et al., 1989) or by depression of the activity of LPL (Wegner et al., 1978; Bunchasak et al., 1997) .
Total protein, which consists of albumin and globulin, is commonly used in nutritional studies (Poosuwan et al., 2008) , since plasma proteins are sensitive to nutritional influences (Kaneko, 1997) and albumin also acts as a mobile source of amino acids in a nutritional emergency (Butler, 1971) . Generally, total protein and albumin directly respond to both protein quantity and quality (Tewe, 1985; Eggum, 1989) . Ospina-Rojas et al. (2014) reported that supplementing synthetic amino acids in a Low-CP diet increases the total protein and albumin in plasma. Decreases in the levels of plasma albumin and total protein could be related to a deficit of amino acids and protein requirements (Corzo et al., 2009; Hernández et al., 2012) , and this deficit may induce difficulty in maintaining homeostasis of protein synthesis in the tissues (OspinaRojas et al., 2014) . In the present study, it was not surprising that supplementation of Met in the Low-CP diet resulted in higher levels of total plasma protein and albumin than those of the Low-CP diet without supplementation.
The 42-day chemical blood test results are shown in Table 9 . Triglyceride, total protein, albumin, uric acid, and NEFA levels in the plasma were not significantly affected by dietary treatment. However, in the orthogonal contrast analysis, feeding with the Low-ME diet resulted in a higher level of TG compared to the normal ME and control diets (P < 0.05).
Lipid accumulation in cells depends upon the balance between lipogenesis and lipolysis of TG responsive to dietary modifications (Kersten, 2001) . Fat deposition in adipose tissue also depends on a change in the relative activity of LPL, which mediates the uptake of fatty acid from the blood (plasma TG) and hormonesensitive lipase, which mediates the output of fatty acid from adipose tissue (plasma NEFA) (Paik and Yearick, 1978) . Since there were no significant differences among the treatment groups with regard to the uric acid, total protein, albumin, or NEFA levels, this indicated that chickens can harmonize their blood metabolism to normal metabolic status after the finisher period. This was in accordance with our recent study that found that a finisher period normalized plasma lipid levels via TG transportation and lipolysis pathways (Jariyahatthakij et al., 2016) . Feeding with a Low-ME diet conversely Table 9 . Chemical blood profiles of broiler chickens fed a low-protein diet with or without sufficient Met from 11 to 24 d of age and subsequent feeding with a normal or low energy diet from 25 to 42 d of age. increased plasma TG compared to a normal ME diet, while the abdominal fat content decreased. It may be assumed that a high plasma TG level in Low-ME groups may be caused by the interruption of TG uptake from blood to extrahepatic tissue.
Lipid Gene Expression
The effects of experimental diets on gene expression in the liver of chickens are presented in Table 10 . At 42 d of age, the dietary treatments did not significantly affect the expression of the ACC, CPT-I, or avANT genes. However, adding Met in the Low-CP diet (Trt D and E) tended to decrease the expression of the ACC gene compared to the Trt A (P = 0.09). Additionally, feeding with Low-ME diets tended to decrease the expression of the CPT-I gene compared to the normal ME diets (P = 0.08).
The avian liver is the most important organ for the intermediary metabolism of lipids and energy (Huang et al., 2013) . The hepatic total lipid content is highly regulated by several metabolic pathways such as fatty acid synthesis, lipid transport, and β-oxidation (Kikusato et al., 2015) . Body fat accumulation is considered the net result of the balance among dietary absorbed fat, fat synthesis, and catabolism (Huang et al., 2013; Tu et al., 2016) . Increasing activity of ACC increases body fat because it is the rate-limiting enzyme of the biosynthesis of fatty acids by catalyzing ACC to malonyl-CoA (Donaldson, 1985) . Therefore, ACC transcription was low in the liver of starved chickens (Hillgartner et al., 1996) . In the present study, adding Met in the Low-CP diet tended to decrease the expression of the ACC gene (P = 0.09) and significantly decreased the abdominal fat content compared to the control group after the finisher period. This indicated that adding Met may have a long-term effect on the depression of fatty acids synthesis after feeding with normal ME or Low-ME diets.
The β-oxidation of fatty acids in mitochondria is an important source of NADH, FADH 2 , and ATP production (Kikusato et al., 2015) . The β-oxidation rate is mainly dependent on the actual capacity of the carnitine transport system (Brouns and Vusse, 1998) . In chickens, mitochondrial CPT-I activity has been characterized mostly in the liver (Ishii et al., 1985; Lien and Horng, 2001 ) and rarely in muscle (Blomstrand et al., 1983) . Furthermore, avANT is responsible for the exchange of cytosolic adenine diphosphate for mitochondrial matrix ATP across the inner mitochondrial membrane (Ojano-Dirain et al., 2007) . It has been reported that some lipogenic genes such as ACC and CPT-I are involved in the hepatic response to nutritional intervention (Daval et al., 2000) , although the role of these genes in the hepatic lipid metabolism after early feed restriction in broilers has not been fully clarified (Yang et al., 2010) . We hypothesized that fatty acid imported through CPT-I and avANT may be increased by feeding with a Low-ME diet. Surprisingly, the expression of the CPT-I gene tended to decrease when feeding with a Low-ME diet (P = 0.08). Due to low energy intake of the Low-CP diet groups during the finisher period and the decline in the abdominal fat to a level equal to the control group, the chickens may attempt to maintain their body energy reserve as fat via homeostatic processes, resulting in a tendency for low CPT-I gene expression. Consequently, lipolysis (NEFA) and the expression of gene-related ATP synthesis (avANT) were not significantly affected.
In conclusion, reducing dietary protein with Met supplementation during the grower period (age 11 to 24 d) and subsequently feeding with a conventional or Low-ME diet to market age is an appropriate strategy for improving the efficiency of nutrient utilization and carcass and breast meat yield in regard to body energy reserve (fat deposit) and the homeostatic processes (lipogenesis and β-oxidation).
SUPPLEMENTARY DATA
Supplementary data are available at Poultry Science online. Table. Amino acids pattern of experimental diets.
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